Static liquefaction has been considered one of the commonest failure mechanisms for granular soil slopes or tailings dams. One of the design approaches adopted is based on the so-called postliquefaction strength as a design parameter. However, determination of the post-liquefaction strength by laboratory tests is problematic. In this paper, experimental data are used to illustrate that the postliquefaction strength cannot be determined properly or uniquely in the laboratory. The assumption of an undrained condition is also questionable for sand or tailings with relatively high permeability under static loading conditions. Due to the above deficiencies, it is recommended that engineers stop using the post-liquefaction strength as a design parameter in practice.
INTRODUCTION
Slope failures or landslides are common geotechnical hazards. These include failures of tailings dams of mine waste or mineral sands due to a lack of either adequate shear strength or excessive soil deformation. Liquefaction under either static or dynamic conditions has been considered one of the commonest failure mechanisms for granular soil slopes or tailings dams (Ishihara, 1993; Lade, 1993; Dawson et al., 1998; Hight et al., 1999; Martin & McRoberts, 1999; Fourie et al., 2001; Davies et al., 2002; Pastor et al., 2002; Chu et al., 2003a; Jefferies & Been, 2006; Psarropoulos & Tsompanakis, 2008) . As explained by Davies et al. (2002) , failure of loose granular soil slopes or some tailings dams is often considered to be triggered by liquefaction occurring under undrained conditions, as shown in Fig. 1 . According to Martin & McRoberts (1999) , two approaches -effective stress analysis and undrained strength analysis -have been adopted in the design of tailings dams.
In the effective stress analysis method, effective stresses during shear are assumed to be unchanged from those that existed immediately prior to the onset of shear. In other words, failure is calculated as the failure shear stress corresponding to in situ effective stresses using the effective failure envelope, at point F, as marked in Fig. 1(a) . This method may be applicable to dense, dilative soil where the excess pore pressure generated during shear is very small or negative. However, for loose, contractive soil where positive excess pore pressure is generated, this method is unconservative, as failure occurs at point P, not at point F, as shown in Fig. 1(a) .
In the undrained strength analysis method, the undrained shear strength is defined as the steady-state strength, or the post-liquefaction strength, S us ( Fig. 1(a) ). This method is similar to the steady-state approach (Poulos et al., 1985) . As elaborated by Martin & McRoberts (1999) , for contractive materials, design analyses must include both the undrained strength analysis and the effective stress analysis, with design controlled by the analysis type giving the lowest factor of safety. For dilative or fully drained materials, only effective stress analysis is required.
It needs to be pointed out that a typical behaviour of loose sand observed by Bishop & Henkel (1962) in an undrained triaxial test on a Brasted sand specimen that has entered the geotechnical canon shows only a slight decrease in deviatoric stress after a peak value. The stress path meets the failure line at one single point and almost stays there. According to Bishop & Henkel (1962) , the specimen was prepared by water sedimentation. For clean sand, it is difficult to achieve a fully softened state when samples are prepared by water sedimentation methods (Ishihara, 1993) . Thus, complete static liquefaction did not occur in this test. This was also testified by the pore water pressure behaviour observed in this test -the pore water pressure began to decrease after 2% axial strain while the peak deviatoric stress was achieved at about 14% axial strain. This behaviour is different from that shown in Fig. 1 where the pore pressure increases continuously until the end of test and static liquefaction is observed.
When the post-liquefaction undrained strength is used in practice, there are problems in determining of the design value by laboratory tests. Experimental data obtained from triaxial or plane-strain tests on sand are used in this paper to illustrate that the post-liquefaction strength cannot be determined properly or uniquely in the laboratory. The assumption of an undrained condition is also questionable for sand or tailings with relatively high permeability under static loading conditions. Researchers and engineers should be aware of these deficiencies when they use the postliquefaction strength in practice. It should also be noted that the post-liquefaction undrained strength of sand is different from the residual strength defined for clay (Skempton, 1964; Budhu, 2000) .
PROBLEMS WITH MEASUREMENT OF POST-LIQUEFACTION STRENGTH
As a property of liquefied soil, the post-liquefaction strength S us should be measured from a test in which soil liquefies. However, once a soil liquefies, the specimen collapses suddenly from the point where liquefaction is initiated (e.g. from the peak point P in Fig. 1(a) ). Thus, the stresses and strains in the post-peak region cannot usually be measured properly. Because of this, the post-liquefaction strength is often measured as the remaining (i.e. ultimate) strength after the post-peak strain softening behaviour, as shown in Fig. 1 (b). It should be noted that, during strain softening, the shear stress is reduced gradually and the specimen does not collapse. Thus liquefaction does not occur in this test and the S us obtained in this way may not be relevant to soils or tailings that liquefy. The concept of postliquefaction strength is clear. However, how to measure the post-liquefaction strength using laboratory tests needs to be discussed.
A set of plane-strain tests on Changi sand, a marinedredged sand fill used for a land reclamation site in Singapore, was conducted by Wanatowski (2005) using a plane-strain apparatus (Fig. 2) . A plane-strain condition was imposed using two steel vertical platens, fixed in position by two pairs of horizontal tie rods. The lateral stress in this direction (i.e. intermediate principal stress, s 2 )w a s measured by four submersible total pressure transducers.
More detail on the soil tested, the plane-strain apparatus and the testing procedure is given by Wanatowski & Chu (2006 , 2007 , 2012 . The results of two plane-strain tests are shown in Fig. 3 . Both tests were K 0 consolidated undrained tests. The void ratios for the two tests were almost the same, 0?915 and 0?911 for test U05 and test U05L, respectively. The test conditions for the two tests were also almost identical except that test U05 was carried out under a deformationcontrolled loading condition and test U05L under a loadcontrolled loading condition. The difference in the loading conditions led to different post-peak behaviours in the two tests. Liquefaction occurred in test U05L and the specimen collapsed upon initiation of liquefaction at point A. This is shown by the sudden decrease in the deviatoric stress ( Fig. 3(b) ) and the abrupt increase in the axial strain from point A (Fig. 3(c) ). The excess pore water pressure (PWP) in test U05L also shot up suddenly, as shown in Fig. 3(d) . From this test, the post-liquefaction strength can be determined as point B in Fig. 3 . However, as more than 15% strain developed within seconds and the specimen had collapsed or distorted significantly after liquefaction occurred, the stress and strain measured after the specimen had collapsed did not represent element behaviour anymore. Thus, the stress condition at point B is not well-defined and the post-liquefaction strength determined using point B is not reliable.
In test U05, strain softening occurred. This is shown by a gradual decrease in deviatoric stress with time in Fig. 3(b) and a gradual increase in axial strain with time in Fig. 3(c) . If we use this test to determine the post-liquefaction strength, it will be the ultimate state, point C, in Fig. 3 . This point is well-defined. However, as liquefaction did not occur in this test, the strength given by point C will not be the post-liquefaction strength. Furthermore, point C is different from point B. Thus, the post-liquefaction strength determined by test U05 is different from that by test U05L. Therefore, the post-liquefaction strength may not be determined as the ultimate state in a test exhibiting strain softening behaviour. In conclusion, the post-liquefaction strength is difficult to measure properly using either a loadcontrolled or deformation-controlled test.
The same observation was made from undrained triaxial tests. An example is given in Fig. 4 where the results of two isotropically consolidated undrained tests on two nearly identical loose sand specimens are compared. In Fig. 4 , one test was conducted using load-controlled mode and static liquefaction occurred; the other test used deformationcontrolled mode and strain softening was observed. It can be seen that the post-liquefaction strength obtained from the deformation-controlled test at point A is different from that obtained from the load-controlled test at point B.
Even if one wants to determine the post-liquefaction strength using the ultimate state obtained from an undrained test with strain softening behaviour, the variation in S us can be too large for a small variation in void ratio. One example is shown in Fig. 5 where the data of three isotropically consolidated undrained triaxial tests are presented. With a small change in the void ratio from 0?849 in test U2 to 0?839 in test U3, the ultimate state and thus the S us value has more than doubled (from point B to point A). In practice, the void ratio of a soil cannot be determined precisely and it usually varies within a certain range. This makes determination of the S us value very difficult for practical design.
Finally, it should be pointed out that the post-liquefaction strength determined from a triaxial test is different from that . This has been well-established by Wanatowski & Chu (2007) and Chu & Wanatowski (2008) . Therefore, post-liquefaction strength determined using triaxial tests will not be applicable directly to slope stability problems that are analysed under plane-strain or three-dimensional conditions.
OTHER CONCERNS
There are several other problems or concerns associated with the use of post-liquefaction strength for stability analysis of granular soil slopes or tailings dams.
First, granular soils or tailings have to be very loose to exhibit static liquefaction or strain softening behaviour as shown in Fig. 1 . Many granular soils at in situ density do not liquefy under static undrained conditions, as has been shown by Been et al. (1988) , Vaid & Thomas (1995) , Vaid et al. (1999) , Fourie et al. (2001) , Chu & Leong (2003) and Chu et al. (2003b) . In this case, the post-liquefaction strength may not be relevant if liquefaction does not occur at in situ density under assumed undrained conditions. However, this does not preclude the occurrence of static liquefaction as sand can still become unstable under other than undrained conditions, such as drained or 'nonundrained' (i.e. where pore water pressure and volume change occur simultaneously) conditions, as discussed in detail by Chu et al. (1993 Chu et al. ( , 2003a .
Second, for granular soils or tailings with relatively high permeability (higher than 10 26 m/s), the assumption of 'undrained' under static loading conditions may not be reasonable. There are cases where instability or static liquefaction occurred under essentially drained conditions. In recent re-analysis of the Wachusett dam failure in 1907, Olson et al. (2000) concluded that the failure was mainly triggered by static liquefaction that occurred under completely drained conditions. Through laboratory model tests, Eckersley (1990) observed that the pore water pressure increase in the gentle granular soil slope was a result of, rather than the cause of, flowslide. In other words, flowslide took place under a drained condition. In these cases, failures appear to be triggered by a mechanism similar to static liquefaction, although the drainage condition prior to failure is not undrained (Chu et al., 2003a) . It should be pointed out that the equilibrium analysis method using the peak friction angle of sand may not be applicable in this case as the failure may not be controlled by the peak strength of sand (Chu et al., 2003a) .
It has been demonstrated experimentally that instability or liquefaction of sand can occur under drained or 'nonundrained' (i.e. other than undrained) conditions (Chu et al., 1993; Chu & Leong, 2001) . Failure mechanisms related to a redistribution of void ratio within a globally undrained sand layer ( Fig. 6(a) ) and spreading of excess pore pressure with global volume changes (Fig. 6(b) ) have been envisaged by the US National Research Council (NRC, 1985) as mechanisms B and C respectively. The possibility of dilating behaviour of soil masses prior to slope collapse was also observed in several case studies. Been et al. (1987) argued that the Nerlerk berm failure case might have occurred for dilative sand that lies below the steady-state line. Several other cases of flowslide failure in dilative sand have also been presented by Been et al. (1987) .
The use of post-liquefaction strength may therefore not necessarily ensure the stability of granular slope or tailings dams. Further studies on the different failure mechanisms and new design methods to replace the post-liquefaction strength approach are required.
CONCLUSIONS
Post-liquefaction undrained shear strength, S us , defined as the remaining strength of a liquefied soil in an undrained test, has been used for the design of granular soil slopes or tailings dams. However, this approach is problematic. The main problem is that S us cannot be determined properly in a laboratory using either load-controlled undrained tests where liquefaction occurs or deformation-controlled undrained tests where strain softening occurs. The assumption of the undrained condition is also questionable for sand or tailings with relatively high permeability. For this reason, it is suggested that engineers move away from the use of post-liquefactionstrengthindesign until a better method can be developed to allow reliable design parameters to be determined. To discuss this paper, please email up to 500 words to the editor at journals@ice.org.uk. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as a discussion.
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